which contrasts with data from young adults when motor units discharged intermittently at 48 recruitment for the large difference between recruitment threshold force and target force (Riley 49 et al. J Physiol 586: 2183, 2008). The coefficient of variation for the first five interspike 50 intervals increased from the small (18.7 ± 7.9) to large difference (35.0 ± 10.2%, P = 0.008) for 51 the young adults, but did not differ for the two target force differences for the old adults (26.3 ± 52
Introduction

59
When a muscle contraction is sustained at a force that is less than the upper limit of 60 motor unit recruitment, not all motor units are activated at the onset of the contraction. As the 61 contraction progresses, the force exerted by motor units active from the beginning of the 62 contraction decreases due to a decline in motor unit discharge rate (Bigland-Ritchie et al. continue to discharge action potentials or cease to discharge action potentials for the remainder 72 of the contraction (Person 1974) or until the motor unit has recovered sufficiently to resume 73 activity (Bawa et al. 2006) . 74 Riley et al. (2008) found that the discharge characteristics of motor units at recruitment 75 could differ substantially depending on the difference between the recruitment threshold of the 76 motor unit and the target force for the sustained contraction. When the target force was ~5% of 77 maximum less than the recruitment threshold of an isolated motor unit in biceps brachii, the 78 discharge was less variable than when the target force was ~10% of maximum below its 79 recruitment threshold. As recordings obtained from the same motor unit in a second set of data 80 (n = 12) were consistent with the larger set of data made from separate motor units (n = 53), the 81 difference in discharge characteristics for the two tasks was attributed to differences in the 82 integration of synaptic input received by the motor neuron ). Given age-83 associated changes in both the synaptic input that is delivered to motor neurons (Boxer et al. seems likely that the discharge characteristics of motor units at recruitment will differ for older 87 adults when they perform such tasks. The purpose of the study was to compare the discharge 88 characteristics of motor units recruited during an isometric contraction that was sustained with 89 the elbow flexor muscles by older adults at target forces that were less than the recruitment 90 threshold force of each isolated motor unit. Some of these data have been presented in abstract 91 form (Holmes et al. 2010; Pascoe et al. 2008) . 92
Methods
93
Eleven healthy adults (78.8 ± 5.9 yrs; range, 71 -88 yrs; 8 men) who were free from 94 cardiovascular and neurological disorders volunteered for the study and participated in one to six 95 experimental sessions. Informed consent was obtained from all the participants and the 96 experimental procedures were approved by the Institutional Review Board at the University of 97
Colorado (Protocol #0109.11) and were in accordance with the Declaration of Helsinki. 98
Experimental setup 99
Subjects were seated upright in an adjustable chair with the left upper arm vertical and 100 slightly abducted from the trunk. The elbow was flexed to 1.57 rad and secured in a padded 101 brace. The forearm was oriented in a neutral position midway between supination and pronation. 102
The hand and forearm were secured with a modified wrist-hand orthosis (Orthomerica, Newport 103 Beach, CA, USA). The force exerted by the elbow flexor muscles was measured in the upward 104 direction at the wrist with a force-moment sensor (900-N range, 182 N V and a single exposed ~1 mm region on the other wire positioned in between the two regions of 117 the other wire. The lateral margin of the short head of biceps brachii and the intermarginal 118 septum of the biceps brachii were identified and a 25-gauge, 3.81 cm disposable hypodermic 119 needle was used to insert the wires subcutaneously across the muscle belly of the short head of 120 biceps brachii without penetrating the muscle fascia and approximately perpendicular to the 121 orientation of the muscle fibers (Fig. 1B) . The needle was removed prior to recording motor unit 122 activity. The location of the recording sites was adjusted by pulling on the exposed ends of the 123 electrode and its position was optimized to provide the greatest signal-to-noise ratio during 10-s 124 ramps to a target force of 50% maximal voluntary contraction (MVC) force. A reference 125 electrode was placed on the lateral epicondyle of the humerus. Single motor unit recordings 126 were amplified X5,000 and band-pass filtered between 300 Hz and 8.5 kHz (S-series, Coulbourn 127
Instruments, Allentown, PA, USA). The motor unit signal was sampled at 20k samples s The experimental session began with a minimum of two MVCs in the flexion direction 147 and at least one in the extension direction. The MVC task involved increasing the force from 148 zero to maximum over 3 s and then holding the maximum for a further 1-2 s. To minimize 149 fatigue, subjects rested for 90-120 s between trials. If the peak MVC force for the two elbow 150 flexor trials were within 5% of each other, the larger of the two values was recorded as the 151 maximum and used as a reference value for the recruitment threshold force of the motor unit. 152
Otherwise, additional trials were performed until the 5% criterion was met. Efforts that the 153 subject did not regard as maximal were rejected, and the visual gain of the force feedback was 154 varied across trials to minimize the subjects' awareness of differences in performance. 155
Motor units were identified in the subcutaneous EMG recording by asking the subjects to 156 slowly increase elbow flexor force from rest to 50% MVC force in ~10 s and then gradually 157 relax during the subsequent 10 s to produce a triangular force profile. Subjects were instructed 158 to change force at a constant rate. Once a potential unit was identified, subjects performed three 159 ramp contractions that were separated by 60 s of rest. The recruitment threshold was estimated 160 during the experiment by noting the force after the third interspike interval, and averaging the 161 values from the ramp contractions. 162
The target force for the sustained contraction was set at either 5 or 10% MVC force 163 below the recruitment threshold force of the motor unit, which was denoted as small and large 164 differences between the two forces, respectively. The absolute force difference was scaled to the 165 recruitment threshold force of the motor unit. A line was set at the target force on the monitor 166 and the subject was asked to increase the force up to the line gradually (~15 s) and to maintain 167 the target force as steadily as possible until instructed by the investigator to relax. The gain of 168 the display was adjusted to keep both the target and rest force lines consistent across subjects. 169
Subjects observed the two force traces during the task. The time to recruitment was defined as 170 the time from target acquisition to the first action potential discharged by the isolated motor unit. 171
The task was terminated when the motor unit became active and discharged action potentials 172 repetitively for ~60 s. After a brief rest period (~180 s), the contraction at the other target force 173 was performed. The order in which the two target forces (small and large differences) were 174 performed was counterbalanced across subjects. The presence of the same motor unit after each 175 sustained contraction was later verified offline by comparing waveform overdraws created with 176 Spike2 software. 177
In four separate sessions, subjects maintained target forces that were much greater than 178 10% MVC below recruitment threshold force (range: 15.2 -27.2% MVC). Furthermore, when a 179 subject was willing and the experimental conditions remained viable, the position of the 180 subcutaneous electrode was adjusted to obtain recordings from a second motor unit, which was 181 possible in four experimental sessions. 182
Data analysis 183
Template matching with Spike2 software was performed offline to discriminate 184 individual motor unit action potentials. The accuracy of the discrimination was verified by close 185 visual inspection of each discriminated spike and by reviewing the interspike intervals. 186
Interspike intervals >250 ms (<4 pulses per second; pps; n = 42, 0.10% of discharges) or <10 ms 187 (>100 pps; n = 6, 0.01% of discharges) were excluded from the calculations of discharge rate. 188
Long interspike intervals likely arose from the brief cessation of motor-unit discharge, whereas 189 very short intervals exceed the rates normally observed during these types of contractions for 
Statistical analysis 213
Paired samples t-tests were used to compare MVC force before and after the end of the 214 protocol; recruitment threshold force and derecruitment threshold force to one another and also 215 to assess the change after the end of the protocol; discharge rate and the coefficient of variation 216
for interspike interval at recruitment and derecruitment threshold; the duration of the two 217 sustained contractions; and the rate of force development and relaxation during the ramp 218 contractions. Independent samples t-test were used to compare recruitment threshold forces 219 between old adults of this study and the young adults of Riley et al. (2008) . The mean discharge 220 rate and coefficient of variation for interspike interval in each 20% epoch of discharge duration 221
were compared with repeated-measures two-way ANOVAs (target-force X time). 222
The target force, difference between target force and recruitment threshold force, and 223 the time to recruitment of the motor unit were compared with a subset of 12 motor units from 224 young adults ) with repeated-measures two-way ANOVAs (age X target-force). 225
In addition, the mean discharge rate and coefficient of variation for the first five interspike 226 intervals obtained at recruitment during the sustained contractions were compared using a two-227 way ANOVAs (age X target-force) with repeated-measures on the target-force factor. Post-hoc 228 analysis with paired samples t-tests were used when appropriate to compare the mean discharge 229 rate between each 20% epochs of discharge duration. The coefficient of variation for force, 230 average RMS amplitude of the surface EMG, and coactivation ratios were compared for the first 231 and last third of discharge duration between young and old subjects using multivariate three-way 232
ANOVAs (age X target-force X time). An alpha level of P < 0.05 was used to identify significant 233 differences. All statistical analyses were performed using SPSS (v.16.0, Chicago, IL, USA). 234
Data are presented in the text as means ± standard deviations and in figures as means ± standard 235 error of the mean. 236
Results
237
The results comprise recordings for 27 motor units from the short head of biceps brachii 238 when 11 older adults sustained an isometric contraction with the elbow flexor muscles at a target 239
force that was less than the recruitment threshold of the isolated motor unit. The discharge of 240 each motor unit was recorded during two contractions that differed in the magnitude of the 241 difference between the target force and the recruitment threshold force. An example of the 242 sustained contractions at two different target forces below recruitment threshold force (34.2% 243 MVC) from the same motor unit is shown in Figure 2 . The time from the start of the contraction 244 to the recruitment of this motor unit was 7.3 s when the target was set at 8.7% MVC force below 245 recruitment threshold force ( Fig. 2A) and 118 s when the target force was set at 13.8% MVC 246 force below recruitment threshold (Fig. 2B) . MVC force for the old subjects did not change from 247 the beginning (158 ± 64 N) to the end of the protocol (154 ± 53 N, P = 0.489), which indicates 248 that the two tasks involved minimal fatigue. In the four experiments that more than one motor 249 unit recording could be obtained, the decline in MVC force from the beginning to the end of the 250 first experiment was 3.1%, which indicated that recording of the second motor unit began with a 251 minimal amount of fatigue. 252
[ Figure 2 ] 253
Recruitment threshold 254
The average recruitment threshold force for the motor units from the old adults was 25.4 255 ± 10.2% MVC (range: 9.5 -48.3% MVC) and this was unchanged (23.8 ± 10.1% MVC) at the 256 end of the protocol (P = 0.08). Identifiable derecruitment threshold forces were obtained for 15 257 of the 27 motor units examined. The derecruitment threshold forces (16.6 ± 9.8% MVC) were 258 less than the recruitment threshold forces for the set of ramp contractions that preceded (27.7 ± 259 11.4% MVC, P < 0.0001) the sustained contractions. The rate of force development (5.00 ± 260 2.72% MVC/s) was not significantly different from the rate of force relaxation (6.92 ± 9.53% 261 MVC/s) during the ramp contractions (P = 0.290). The discharge rate at recruitment (10.0 ± 2.5 262 pps) was significantly greater than that at derecruitment (8.01 ± 2.7 pps, P = 0.001). The 263 coefficient of variation for the interspike intervals at recruitment (19.3 ± 6.8%) was significantly 264 less than that at derecruitment (25.6 ± 7.2%, P = 0.026). The recruitment thresholds were lower 265 for old adults (25.4 ± 10.2% MVC) when compared with both the group of 53 units (31.1 ± 266 12.3% MVC, P = 0.043) and the separate subset of 12 units (32.8 ± 9.6% MVC, P = 0.04) from 267 the young adults in Riley et al. (2008) . 268
Sustained contractions 269
The duration over which discharges were recorded did not differ for the two differences 270 in target force (64.0 ± 10.8 s, P = 0.340). Also, the motor units discharged repetitively at 271 recruitment for both target-force differences (Fig. 3A) , which contrasts with a previous 272 observation for young adults when motor units discharged intermittently at recruitment with a 273 large difference between recruitment threshold force and target force (Fig. 3B) . 274
[ Figure 3 ] 275
The target forces were greater for young adults (age main effect: P = 0.004) for both 276 small and large differences in target force (27.1 ± 10.3 and 22.3 ± 10.1% MVC force) compared 277 with old adults (18.4 ± 7.9 and 13.5 ± 7.0% MVC force, Fig. 4A) . The difference between target 278 force and recruitment threshold force was less for the small difference in both age groups (age X 279 target-force interaction: P = 0.923), and increased from 6.62 ± 3.7 to 11.4 ± 4.5% MVC force for 280 the large difference (target-force main effect: P < 0.001). The small and large target-force 281 differences for the older adults were 7.01 ± 4.2 and 11.9 ± 5.2% MVC, respectively. The time to 282 recruitment was longer for the large difference (target-force main effect: P = 0.001, Fig. 4B) , 283 especially for the old adults (age main effect: P = 0.015). There was a significant interaction 284 (age X target-force interaction: P = 0.004) as the time to recruitment increased from 17.9 ± 27.0 s 285 to 160 ± 145 s for the old adults compared with 22.5 ± 21.7 s to 37.1 ± 50.4 s for the young 286 adults. 287
[ Figure 4 ] 288
The mean discharge rate at recruitment was greater in younger adults (age main effect: P 289 < 0.001, Fig. 5A ) and did not differ for the two target-force differences for either the young 290 (small difference 13.2 ± 3.5, large difference 13.9 ± 4.3 pps) or old adults (small difference 8.3 ± 291 2.5, large difference 8.4 ± 3.3 pps). The coefficient of variation for the first five interspike 292 intervals did not differ between young and old adults (age main effect: P = 0.610, Fig. 5B) ; 293 however, a main effect for target-force difference (P = 0.008) and a significant interaction (P < 294 0.001) indicated that the coefficient of variation increased for the young adults (small difference 295 18.7 ± 7.9, large difference 35.0 ± 10.2%) but did not change for the old adults (small difference 296 26.3 ± 14.7, large difference 24.0 ± 13.1%). 297
[ Figure 5 ] 298
Mean discharge rate for the old adults was similar for all 20% epochs (target force main 299 effect: P = 0.179); discharge duration was 64.0 ± 10.8 s for the old adults and 63.2 ± 27.9 s for 300 the young adults. When the data were collapsed across target-force differences, a paired 301 comparison indicated there was no difference between the first 20% (11.8 ± 3.1 pps) and the last 302 20% (11.0 ± 2.0 pps) epoch of discharge duration (P = 0.091, Fig. 6A ). The average coefficient 303 of variation for interspike interval also decreased similarly for the two target-force differences 304 (time X target force interaction: P = 0.618, Fig. 6B ), decreasing from 25.2 ± 13.8% at the start of 305 the contractions to 10.8 ± 5.6% at the end of the contractions (time main effect: P < 0.0001). 306
These findings contrast with those for young adults ) when the mean discharge 307 rate ( Fig 6C) and coefficient of variation for interspike interval (Fig. 6D ) changed in opposite 308 directions for the two target-force differences. 309
[ Figure 6 ] 310
The coefficient of variation for force did not differ between young and old adults (age 311 main effect: P = 0.328), but the value was greater for the large difference (target force main 312 effect: P = 0.002) and increased over time (time main effect: P < 0.0001), from 1.63 ± 0.96% in 313 the first third to 2.01 ± 0.94% in the final third of discharge duration. Surface EMG amplitude 314 for all elbow flexors pooled together did not differ between young and old adults (age main 315 effect: P = 0.161, Fig. 7 ), but the amplitude was greater for the large target-force difference 316 during the first third of the contraction for young adults (target-force main effect: P = 0.013) and 317 increased significantly over time (time main effect: P = 0.004), from 15.5 ± 9.71 to 20.8 ± 13.0% 318 maximum. Surface EMG amplitude for the antagonist (triceps brachii) was minimal and did not 319 change over time (age X time interaction: P = 0.680), but was significantly greater for old adults, 320 (8.89 ± 6.11%; age main effect: P < 0.0001) compared with young adults (5.89 ± 5.01%; Fig. 7) . 321
The coactivation ratios did not differ between young (0.60 ± 1.7) and old adults (0.60 ± 0.38; age 322 main effect: P = 0.795), between target-force differences (target-force main effect: P = 0.124), or 323 from the beginning to the end of the task (time main effect: P = 0.749). 324
[ Figure 7 ] 325
When the experiment involved a target force that was much less than 10% below 326 recruitment threshold force (range: 15.2 -27.3% MVC), the four motor units from four different 327 subjects all discharged repetitively for 60 s following recruitment (Fig. 8A-D) . The time to 328 recruitment for the four motor units was 2287, 1005, 1677, and 323 s. The mean discharge rate 329 and coefficient of variation for interspike interval for the first five intervals at recruitment for the 330 four motor units were 14.2, 13.0, 14.7, and 15.9 pps, and 10.9, 48.3, 37.4, and 42.4%, 331 respectively. 332
[ Figure 8 ] 333
Discussion
334
The purpose of the study was to compare the discharge characteristics of motor units 335 recruited during an isometric contraction sustained with the elbow flexor muscles by older adults 336 at target forces set lower than the recruitment threshold force of each isolated motor unit. The 337 main finding of this study was that discharge characteristics of motor units at recruitment in old 338 adults were not influenced by the relative target force, this finding contrasts with the results 339 observed in young adults ). The results suggest that the integration of synaptic 340 input by motor neurons during sustained contractions differs for young and old adults. 341
Discharge characteristics of motor units in old adults 342
Motor unit recruitment thresholds extended across a wide range of forces (9.5 -48.3% 343 MVC). Although not statistically significant (P = 0.08), the recruitment threshold forces tended 344 to decrease after the sustained contractions. As recruitment threshold forces typically decrease 345 
1996). 382
Age-related differences in motor unit discharge 383
The most striking difference between the current results and those obtained from young 384 adults ) was the influence of the two target forces on the discharge 385 characteristics of motor units in biceps brachii at recruitment. Old adults exhibited the same 386 discharge characteristics for the two conditions, whereas the motor units recorded in young 387 adults discharged repetitively for the small difference and intermittently for the large difference. 388
Indirect evidence for an age-associated difference in discharge characteristics at recruitment 389 during sustained contractions was suggested previously by the marked depression in bursts of 390 activity in the surface EMG recordings from the elbow flexor muscles in old adults compared 391 with young during fatiguing contractions that were sustained 20% MVC force (Hunter et al. 392
2005). 393
The average recruitment threshold force for motor units recorded from old adults was 394 lower than from young adults, which was similar to reports from previous studies (Erim et al. current study, however, was attributed to random sampling, as only a small portion of the entire 397 motor unit pool could be recorded using selective fine-wire electromyography. The current 398 study found that the biceps brachii motor units of old adults had lower mean discharge rates for 399 the first five interspike intervals (~8.4 pps) when compared with young adults (~13.6 pps) at 400 recruitment (Fig 5A, P = 0.001) . Similarly, others have described lower mean discharge rates for 401 The observation by Riley et al. (2008) that motor units in young adults discharged action 436 potentials intermittently when there was a large difference between the target force and 437 recruitment threshold force (Fig. 3B) and that mean discharge rate declined over time (Fig. 6C)  438 were interpreted to indicate the absence of a significant role for persistent inward currents during 439 this task. In contrast, motor units in old adults discharged repetitively at recruitment for both 440 target forces and there was no reduction in mean discharge rate during the 60-s contractions, 441 which is consistent with a significant contribution by persistent inward currents to the net 442 excitation of the motor neurons. In summary, the discharge characteristics of motor units in the biceps brachii of old 451 adults that were recruited during a sustained contraction were not influenced by the difference 452 between target force and recruitment threshold force of a motor unit. This result contrasts with 453 previous observations on young adults when the discharge characteristics varied with the force 454 difference ). In addition, mean discharge rates were lower for the old adults 455 and did not vary with time across the contraction. Taken together, these results suggest that the 456 integration of synaptic input during sustained contractions changes with age. 
